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. Supersymmetric extensions of the Standard Model provide new sources 
\Q ' of CP violation. Here the CP properties of neutralinos are described and 
f*^ possible experimental signatures of CP-violation in the neutralino produc- 
ed ■ tion processes at e+e~ linear colliders are discussed. 

O ; 

Q^' 1. Introduction 

^h. The electroweak sector of the Standard Model (SM) contains only one 

r- 1 \ CP-violating phase which arises in the Cabibbo-Kobayashi-Maskawa (CKM) 

quark mixing matrix. Adding right-handed neutrinos to account for non- 
• i— i , zero neutrino masses and their mixing opens up a possibility of new CP- 

violating phases in the Maki-Nakagawa-Sakata (MNS) lepton mixing ma- 
trix. In both cases unitarity imposes constraints on mixing matrices, which 
can be represented graphically as unitarity triangles. After many years of 
experimentation with the K and B mesons, the CKM unitarity triangle 
VudVub + VcdV* b + VtdV* b = is essentially reconstructed and the required 
amount of CP violation can be accommodated within the SM. (Reconstruct- 
ing MNS triangles will be far more difficult.) The CP violation in the SM 
also induces electric dipole moments (EDM) of elementary particles. How- 
ever, in the lepton sector 1 they are induced at a multiloop level and, as a 
result, EDM's generated by the CKM phase are extremely small and 
beyond current and foreseeable future experiments. Therefore the observa- 
tion of a lepton EDM would be a clear signal of new physics beyond the 
Standard Model. 



* Dedicated to Jan Kwieciriski on his 65th birthday. 

1 An additional CP violation due to strong interactions of the form ^6GG could 
generate a very large neutron EDM, unless 9 is tuned to be very small. 
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While the CP properties of the K and B systems appear to be consistent 
with the SM, another (indirect) piece of evidence of CP violation, the baryon 
asymmetry in the universe, requires a new source of CP violation beyond 
what is in the SM :2 . Thus new CP-violating phases must exist in nature. 

Supersymmetric extensions of the SM based on soft supersymmetry 
breaking mechanism introduce a plethora of CP phases. This poses a SUSY 
CP problem (assuming even that the strong CP is solved), since if the phases 
are large 0(1), SUSY contributions to the lepton EDM can be too large to 
satisfy current experimental constraints [3]. Many models have been pro- 
posed m to overcome this problem: fine tune phases to be small, push 
sparticle spectra above a few TeV to suppress effects of large phases on 
the EDM, constrain phases present in the first two generations to be small, 
arrange for internal cancellations etc. 

In the absence of any reliable theory that forces in a natural way the 
phases to be vanishing or small, it is mandatory to consider scenarios with 
some of the phases large and arranged consistent with experimental EDM 
data. In such scenarios many phenomena will be affected: sparticle masses, 
their decay rates and production cross sections, SUSY contributions to SM 
processes etc. It is one of the main physics goals of future collider experi- 
ments to find SUSY and verify its CP properties [5| . Detailed analyses of the 
neutralino sector can prove particularly useful in this respect. In this note 
we will discuss the CP properties of neutralinos strengthening an argument 
of ref. 6 that measurements of the neutralino production cross sections can 
provide a qualitative, unambiguous evidence for non-trivial CP phases. 



2. Neutralino sector of the MSSM 

In the minimal supersymmetric extension of the Standard Model (MSSM), 
the mass matrix of the spin-1/2 partners of the neutral gauge bosons, B and 
W 3 , and of the neutral Higgs bosons, H® and H®, takes the form 
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Here M\ and M2 are the fundamental supersymmetry breaking parameters: 
the U(l) and SU(2) gaugino masses, and // is the higgsino mass parameter. 
As a result of the electroweak symmetry breaking by the vacuum expectation 
values of the two neutral Higgs fields v% and V2 (sp = sin f3, cp = cos (3 
where tan/3 = V2/V1), non-diagonal terms with syy = sinOyy and c\y = 
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cos 9w appear and gauginos and higgsinos mix to form the neutralino mass 
eigenstates Xi (2=1,2,3,4). 

In general the mass parameters Mi, M2 and \x in the mass matrix (^Q) 
can be complex. By reparameterization of the fields, M% can be taken 
real and positive; the two remaining non-trivial phases, which are therefore 
reparameterization-invariant, may be attributed to Mi and \x: 

Mi = \Mi\ e i<s>1 and // = \fi\ e**" (0 < $1, < 2vr) (2) 

Since the existence of CP-violating phases in supersymmetric theories 
in general induces electric dipole moments (EDM), current experimental 
bounds can be exploited to derive indirect limits on the parameter space 
[Hj. In fact the experimental limits on EDM's of the electron, neutron and 
mercury atom have been used to (partly) justify the assumption of real 
SUSY parameters, and most phenomenological studies on supersymmetric 
particle searches have been performed within the CP-conserving MSSM. 
However, the EDM constraints can be avoided assuming masses of the first 
and second generation sfermions large (above the TeV scale), or arrang- 
ing cancellations between the different SUSY contributions to the EDMs. 
As a result, the complex phase of the higgsino mass parameter fi is much 
less restricted than previously assumed, while the complex phase of Mi is 
practically unconstrained. The possibility of non-zero CP-phases should 
therefore be included in phenomenological analyses. 

The neutralino mass eigenvalues mi = m^o (i = 1, 2, 3, 4) can be chosen 
positive by a suitable definition of the unitary mixing matrix N. In general 
this matrix involves 6 angles and 10 phases, and can be written as jSl[7] 

N = diag {e iai , e iQ2 , e ias , e iQ4 } R 34 R 24 R14 R23 R13 Ria (3) 

where Rjk are rotations in the [jk] plane characterized by a mixing angle 
9jk and a (Dirac) phase (5jk- For example, 

/ cia s\ 2 \ 
R = -S12 C\2 
12 1 

V 001/ 

with cjk = cosOjk, sjk = sin6jke*^ k . One of (Majorana) phases a.i is 
nonphysical and, for example, ai may be chosen to vanish. None of the 
remaining 9 phases can be removed by rotating the fields since neutralinos 
are Majorana fermions. 

Neutralino sector is CP conserving if fi and Mi are real, which is equiva- 
lent to @ij = (mod 7r) and = (mod n/2). Majorana phases on = ±ir/2 
indicate only different CP parities of the neutralino states jSJ. 



(4) 
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The matrix elements of N define the couplings of the mass eigenstates 
Xi to other particles. Like in the quark sector, it is useful jHUH] to represent 
the unitarity constraints on the elements iV^ 

Mij = NiiNji + N l2 N* 2 + N l3 N* 3 + N iA N* 4 = 6 {j (5) 
Dij = NuNfj + N 2i N^ + N 3i N^ + N^N^ = 5^ (6) 

in terms of unitarity quadrangles. For i ^ j, the above equations define the 
M- and D-type quadrangles in the complex plane. The M-type quadrangles 
are formed by the sides NikN* k connecting two rows i and j, and the D- 
type by N^iN^ - connecting two columns i and j of the mixing matrix. By 
a proper ordering of sides the quadrangles are assumed to be convex with 
areas given by 

areafAfij] = \(\J}f\ + |Jf | + |Jf | + \J%\) (7) 
area[A,] = \(]J&\ + |4l + l4l + l4l) (8) 
where j\j are the Jarlskog-type CP-odd "plaquettes" ^U] 

jg = .Hn.V,,.V ;; .V;,.V/ / (9) 

Note that plaquettes, and therefore the areas of unitarity quadrangles, are 
not sensitive to the Major ana phases on. 

Unlike in the quark or lepton sector, the orientation of all quadrangles is 
physically meaningful, and determined by the CP-phases of the neutralino 
mass matrix. In terms of quadrangles, CP is conserved if and only if all 
quadrangles have null area (collapse to lines or points) and are oriented 
along either real or imaginary axis. 



3. Experimental signatures of CP violation 

In principle, the imaginary parts of the complex parameters involved 
could most directly and unambiguously be determined by measuring suit- 
able CP violating observables. 

Neutralinos can copiously be produced at prospective e + e~ linear collid- 
ers [5] via the s-channel Z exchange and t- and w-channel selectron exchange. 
The polarized differential cross section for the x?X? production is given by 

m 



« 2 A l/2 
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n] (10) 
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where P=(Pt, 0, Pl) [P=(Pt cos r], Pt sin rj, —Pl)] is the electron [positron] 
polarization vector; the electron-momentum direction defines the z-axis 
and the electron transverse polarization-vector the x-axis; A = [1 — (//j + 
Hj) 2 ] [1 — (/J>i — Hj) 2 ] with fa = mi/yfs. The coefficients Ej/, Ex, Ey and E^r 
depend only on the polar angle 6 and their explicit form is given in jSJ. 

An interesting feature of neutralino production is encoded in the term 
Etv of ea, ()10|) . Unlike E^ and Ey, the E^r is a function of plaquettes 



Eat = 4Asin 2 1 



AiiJfj 1 - Jij) - A 2 (J? 2 - Jf 2 ) + As J 2 
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where tilde means that in calculating J the should be replaced by N- 2 
swNn + cwNi2- The combinations of propagator factors Ai are 

' D z {D tL -D uL ) 



LUb W L W 



A2 = Za 4 DziPtR - D uI 



A 3 = r^V(AL^fl - (12) 

with DtL,R = s/(t — m 2 L ), D u l,r = s/(u — m 2 L ) and the Z-boson propa- 
gator L>z = s/(s-m|) is taken real by neglecting the Z width in the limit of 
high energies. Therefore Ejy is nonvanishing only in CP-noninvariant the- 
ories and already the detailed measurement of the angular distribution of 
produced neutralino pairs in collisions of transverse polarized beams could 
indicate the presence of CP phases. 

However, since Ejy depends on plaquettes, nonvanishing E^v requires 
specific form of CP-violation: the area of some unitarity quadrangles has 
to be non-zero, i.e. at least one of Dirac phases ftki 7^ 0. Moreover, the 
effect might be quite small due to cancellations between and higgsino 
components of Xi and x® i n ea.(|TT|). and between t- and u-channel selectron 
exchanges in ea. ()12|) . 

If the initial beams are not polarized, the CP phases could be inferred 
from the Vn component of the polarization of the XiX°j pairs produced in 

e + e~ annihilation [HI The polarization vector V = (Vl,Vt,Vn) is 

defined in the rest frame of the particle Xi\ with components parallel to the 
X® flight direction in the cm. frame, in the production plane, and normal 
to the production plane, respectively. The normal component Vn can only 
be generated by complex production amplitudes in the non-diagonal XiXj 
pair production process with i 7^ j. For example, the contribution to Vn 
from the e~R exchange reads 

Vn = 8Xl/ l% S[n9 D uR D tR -sm [ {N^f } (13) 
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Fig. 1. The D-type (left panel) and M-type (right panel) quadrangles in the complex 
plane, illustrated for tan/3 = 10, |Mi| = 100.5 GeV, $i = tt/5, M 2 = 190.8 GeV. 
\fj,\ = 365.1 GeV and $ M = 0; ij as indicated in the figure. 



The normal polarization can be non-zero even if all the /3-type CP phases 
vanish, i.e. it could signal the existence of non-trivial a-type CP phases. 

The non-zero values of CP-odd characteristics Ejv or Vn would unam- 
biguously indicate CP-violation in the neutralino sector. However, their 
experimental measurements will be very difficult. On the other hand, one 
can also try to identify the presence of CP-phases by studying their impact 
on the CP-even quantities, like neutralino masses, branching ratios etc. 
Since these quantities are non-zero in CP conserving case, the detection of 
CP-odd phases will require a careful quantitative analysis of a number of 
physical observables. In particular, for numerically small CP-odd phases, 
their deviations from CP-even values will also be small. As an example, 
in Fig^the unitarity quadrangles for a particular point in the parameter 
space (consistent with all experimental constraints) are shown. The phase 
of fi is set to zero, and <£i = n/5. In this case the quadrangles are almost 
degenerate to lines parallel to either real or imaginary axis, and revealing 
the phase of Mi will be quite difficult. 

In this respect, as pointed out in ref.jS], a clear indication of non-zero 
CP violating phases can be provided by studying the energy behavior of the 
cross sections for non-diagonal neutralino pair production near thresholds. 

In CP-invariant theories, the CP parity of a pair of Majorana fermions 
XiX°j is given by 



rj = r ] i rj j (-l) L 



(14) 
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CP conserving: $ =0, <P=0 CP violating: $=ji/5, 3^=0 
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Fig. 2. TTie threshold behavior of the neutralino production cross-sections a^ 1 ^ for 
the CP-conserving (left panel) and the CP-violating (right panel) cases. Other 
parameters as in Fig.l. 



where rf is the CP parity of Xi an d L is the angular momentum ^2] • There- 
fore neutralinos with the same CP parities (for example for i = j) can be 
excited only in the P-wave via the s-channel 7 and Z production processes. 
The excitation in the S-wave, with the characteristic steep rise ~ X 1 ' 2 of 
the cross section near threshold, can occur only for non-diagonal pairs with 
opposite CP-parities of the produced neutralinos [S]. 

The power of the selection rule (|14|) can clearly be seen by inspecting 
the expressions for the total cross section (i ^ j) near threshold 



nj\ ^ ira 2 A 1 / 2 J Arriinij 

(rrii + rrij) 2 \ (rrij + rrij) 2 



l^mG^I 2 + |3mGf } | 2 ) + 0(A) 1(15) 



where 



w u w 

2 



G ( 0) = {s„ 1/2) Do{Ni3Nh _ NuN * 4) + -^F L N> 2 N' 3 l 



and the kinematic functions 



Do = (mj + rrij) 2 j ((m* + rrij) 2 - m 2 z ) 
FLfi = (m + mj) 2 /(mj L + rrnrrij) 



In the CP-invariant theory, the imaginary parts of can only be generated 
by Majorana phases on = and ay = vr/2 or vice versa, i.e. the S-wave 
excitation is possible when the CP-parities of the produced neutralinos are 
opposite, as dictated by the ea. Q14|l . This immediately implies that if the 
{ij} and {ik} pairs are excited in the S-wave, the pair {jk} must be excited 
in the P-wave characterized by the slow rise ~ A 3 / 2 of the cross section, 
FigEJ left panel. 

If, however, CP is violated the angular momentum of the produced 
neutralino pair is no longer restricted by the ea. Q14|) and all non-diagonal 
pairs can be excited in the S-wave. This is illustrated in Fig|21 where the 
threshold behavior of the neutralino pairs {12}, {13} and {23} for the CP- 
conserving (left panel) case is contrasted to the CP-violating case (right 
panel). Even for relatively small CP-phase <l>i = vr/5, implying small im- 
pact on CP-even quantities, the change in the energy dependence near 
threshold can be quite dramatic. Thus, observing the {ij}, {ik} and {jk} 
pairs to be excited all in S-wave states would therefore signal CP-violation. 

4. Conclusions 

The super symmetric extension of the Standard Model can come with 
new sources of CP violation. In the absence of natural suppression of 
the SUSY CP-phases, their non-zero values have to be considered in phe- 
nomenological studies. In this paper we have discussed the CP properties 
of neutralinos, which are quite peculiar due to their Majorana nature. 

The CP violation in the neutralino sector can reveal itself in many dif- 
ferent ways. The most ambitious analysis would require the experimental 
reconstruction of the unitarity quadrangles. Since all phases of the mixing 
matrix iV (at least at the tree level) are ultimately determined by the phases 
of the fundamental parameters \x and Mi, the reconstruction of the quad- 
rangles would provide many consistency checks of the underlying theory. 

On the other hand, the first qualitative indication of the CP violation 
can be provided by the energy dependence of the neutralino production 
cross sections. The steep rise of cross sections for the production of at least 
three different non-diagonal neutralino pairs can be interpreted as a first 
direct signature of the presence of CP-violation in the neutralino sector. 

Acknowledgments 

Work supported in part by the KBN Grant 2 P03B 040 24 (2003-2005). 



REFERENCES 



9 



[1] F. Hoogeveen, Nucl. Phys. B341, 322(1990); LB. Khriplovich and M. 
Pospelov, Sov. J. Nucl. Phys. 53, 638(1991). 

[2] A.G. Cohen, D.B. Kaplan and A.E. Nelson, Ann. Rev. Nucl. Part. Sci. 43 
(1993) 27; B.M. Gavela, P. Hernandez, J. Orloff, O. Pene and C. Quimbay, 
Nucl. Phys.B 430 (1994) 382; V.A. Rubakov and M.E. Shaposhnikov, Usp. 
Fiz. Nauk 166 (1996) 493. 

[3] S. Pokorski, J Rosiek and C.A. Savoy, Nucl. Phys.B 570 (2000) 81 
hep-ph/9906206 ; V. Barger, T. Falk, T. Han, J . Jiang, T. Li and T. Plehn, 
Phys. Rev. D 64 (2001) 056007 |hep-ph/0 101106 . 

[4] Y. Kizukuri and N. Oshimo, Phys. Lett. B 249 (1990) 449; T. Ibrahim and 
P. Nat h, Phys. Rev. D 58 (1998) 11130 1 [Erratum-ibid. D 60 (1998) 099902] 
hep-ph/9807501 and hep-ph/0107325. T. Ibrahim and P. Nath, Phys. Rev. 
D 61, 093004 (2000) hep-ph/9910553 ; M. Brhlik, G.J. Good and G.L. Kane, 
Phys. Rev. D 59 (1999) 11500 4; R. Arnowitt, B . Dutta and Y. Santoso, 
Phys. Rev. D 64 (2001 ) 113010 [hep-ph /0106089 ; T. Ibrahim and P. Nath, 
|arXiv:hep-ph/ 0210251. 

[5] TESLA Technical Design Report, Part: III Physics at an e + e~ Linear 
Collider, eds. R.-D. Heuer, D. Miller, F. Richard and P. Zerwas, DESY 
2001-011, arXiv:hep-ph/0106315; T. Abe et al. [American Linear Collider 
Working Group Collaboration] , "Linear collider physics resource book for 
Snowmass 2001. 2: Higgs and supersymmetry studies," in Proc. of the 
APS/DPF/DPB Summer Study on the Future of Particle Physics (Snowmass 
2001) ed. N. Graf, |arXiv: hep-ex/0106056; K. Abe et al. , JLC Roadmap 
Report, presented at the ACFA LC Symposium, Tsukuba, Japan 2003, 
|http: / /lcdev.kek.jp /RMdraft /] 

[6] S.Y. Choi, J. Ka linowski, G. Moo rtgat-Pick and P.M. Ze rwas, Eur. Phys. J. 
C 22 563 (2001) |hep-ph/0108lT7| , ibid. C 23 769 (2002) |hep-ph/ 0202039 . 

[7] L. Chau and W. Kcung, Phys. Rev. Lett. 53 (1984) 1802; M. Gronau and 
J. Schechter, Phys. Rev. Lett. 54 (1985) 385 [Erratum-ibid. 54 (1985) 1209]; 
H. Fritzsch and J. Plankl, Phys. Rev. D 35 (1987) 1732. 

[8] J. Ellis, J. M. Frere, J. S. Hagelin, G. L. Kane and S. T. Petcov, Phys. Lett. 
B 132 (1983) 436. 

[9] F. del Aguila an d J. A. Aguilar-Saavedra, Phys. Lett. B 386 (1996) 241 
hep-ph/9605418 ; J. A. Aguilar-Saavedra and G. C. Branco, Phys. Rev. D 
62 (2000) 096009 hep-ph/0007025 . 

[10] C. Jarlskog, Phys. Rev. Lett. 55 (1985) 1039. 

[11] G. Moortgat-Pick and H. Fraas, Phys. Rev. D 59 (1999) 015016 
hep-ph/9708481 ; G. Moortgat-Pick, H. Fraas, A. Bartl a nd W. Majerotto, 
Eur. Phys. J. C 9 (1999) 521 [Erratum-ibid. C 9 (1999) 549] hep-ph/9903220 ; 
G. Moortgat-Pick, A. Bartl, H. Fraas and W. Majerotto, Eur. Phys. J. C 18 
(2000) 379 [hep-ph/0007222 ; S. Y. Choi, H . S. Song and W. Y. Song, Phys. 
Rev. D 61 (2000) 075004 |hep-ph/9907474| . 

[12] G. Moortgat-Pick and H. Fraas, Eur. Phys. J. C 25 (2002) 189 
|arXiv:hep^ph /0204333|. 



